An enhanced microgrid power flow (EMPF) is devised to incorporate hierarchical control effects. The new contributions are threefold: 1) an advanced-hierarchicalcontrol-based Newton approach is established to accurately assess power sharing and voltage regulation effects; 2) a modified Jacobian matrix is derived to incorporate droop control and various secondary control modes; and 3) the secondary adjustment is calculated on top of the droopcontrol-based power flow results to ensure a robust Newton solution. Case studies validate that EMPF is efficacious and efficient and can serve as a powerful tool for microgrid operation and monitoring, especially for those highly meshed microgrids in urban areas.
I. INTRODUCTION
M ICROGRID has proved to be effective in ensuring electricity resiliency for customers. A most important and indispensable foundation for microgrid operation and management is the power flow analysis [1] .
However, power flow of islanded microgrid has yet to be addressed because: 1) a swing bus no longer exists, rather 2) distributed energy resources (DERs) are operated by hierarchical controls, and 3) microgrid is subject to frequently changes in structure and operating modes [2] . Although modified backward/forward sweep methods [1] , [2] , [3] and Newton method [4] are developed to consider droops in DERs, they fail to handle either meshed microgrids or secondary controllers equipped for frequency and voltage recovery.
This letter devises an enhanced Newton-type microgrid power flow (EMPF) which fully adapts to both meshed and radial structures. The main contributions of EMPF lie in : 1) an augmented Newton type formulation of microgrid power flow which supports plug-and-play and allows future extensions into networked microgrids power flow as well as 2) a new Jacobian matrix formulation which is able to incorporate hierarchical control This work was supported in part by the National Science Foundation under Grant ECCS-1831811.
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II. ENHANCED MICROGRID POWER FLOW
In EMPF, in addition to the traditional PV and PQ buses, we introduce a bus type called DER buses to which those DERs equipped with droop and/or secondary control are connected. Generally, a slack bus no longer exists because none of the DERs in the droopbased microgrids is able to provide constant voltage and frequency. We can pick an arbitrary DER bus and use its voltage angle as the reference for the rest of the buses.
A. EMPF Formulation
For an N -bus microgrid with ζ DER buses , the power injections from DERs are determined by a twolayer hierarchical control system [5] . Considering PV, PQ and DER buses, we can derive the EMPF power flow equations as follows
are the generation and load matrices, respectively, P(f ) Gs is the total real power from generators, • means Hadamard product, P sum is the sum of real power consumption including load and losses. Different from traditional power flow, frequency f is a variable in the EMPF formulation.
where θ ∈ R (N −1)×1 is a voltage angle matrix, α ij is the admittance angle of branch i − j,
B. Modified Jacobian Matrix
The modified Jacobian matrix J ∈ R 2N ×2N that incorporates DER behaviors under hierarchical control can be derived from Equation (1), as follows
Here, the elements in J matrix are functions of different control modes. For the droop control mode, the P/F and Q/V droop coefficients are defined as m ∈ R ζ×1 , n ∈ R ζ×1 respectively. Real power sharing among DERs are achieved through the P/F droop control, as shown in Equation(7-8).
The DER behaviors and corresponding J elements under three typical secondary control modes [5] are expressed below:
1) Reactive Power Sharing Mode (RPS): RPS aims to realize proportional reactive power sharing, where the var injection from a leader bus Q 1 is updated through Q/V droop control and the rest of DER buses follow. Mathematically, the var outputs of DER buses and the corresponding J elements are
where, ρ is the reactive power ratio defined by Q 1 /Q * 1 , and Q F * denotes the rated var outputs of follower buses. 2) Voltage Regulation Mode (VR): VR mode aims to recover the DER bus voltages to their rated values by adjusting the DER reactive power injections. Thus, the var outputs of DER buses and the corresponding J elements are updated by
, for DER bus 0, otherwise (12) Similar to [1] , a dummy bus vector with voltages V d is created for DER buses associated with a sensitivity vector Z d representing the reactive power differences with respect to the voltage differences between dummy buses and the corresponding DER buses. Here, V * denotes rated voltages, and the detailed procedure to update V d can be found in [1] , ξ ∆V d is voltage magnitude error between DER buses and its rated value.
3) Smart Tuning Mode (ST): The leader DER bus follows the VR mode to recover back to its rated value, while other DER buses are adjusted for proportional reactive power sharing. Therefore, in this mode, the leader DER bus var output and corresponding J elements follow Equations (11-12) whereas the rest of DER buses follow Equations (9-10).
Once J and ∆F are evaluated at the end of each iteration, the microgrid variables θ,V, f can be updated for the next iteration by solving the following equation
The EMPF iterations continue until the errors in those variables reaches the tolerance ξ. See Algorithm 1 for the EMPF pseudo code.
The Newton-type power flow is sensitive to the starting point and relies on high-quality initial values for a fast convergence. To ensure the robustness of EMPF incorporating the hierarchical control, it is initialized by the values obtained by running a power flow with droop controls only. Once the convergence criterion is satisfied, all the voltages and branch power flows can be obtained. Because no assumption of microgrid architectures is utilized in EMPF, it can be used to solve power flows for arbitrary types of microgrids such as radial, meshed, or honeycomb configurations. 
III. CASE STUDY
The effectiveness of EMPF is verified on a 33-bus microgrid with 5 DERs (see Fig. 1 ). For comparison purposes, all system parameters are adopted from [1] except that Z d = 0.001. By flipping the five normallyopen switches, the microgrid configuration can be toggled from radial to meshed one. EMPF calculations are then performed on the radial microgrid (Test I) and the meshed microgrid (Test II). EMPF is implemented in Matlab on a 64-bit, 2.50 GHz PC. 
A. EMPF Results for Different Microgrid Configurations
Voltages obtained from Tests I and II are shown in Figs. 2 and 3 , respectively. It can be observed that • Results in Test I (radial microgrid) are identical to those in [1] , which validates the correctness of EMPF. • Generally, voltages in the meshed microgrid are smoother than those in the radial system. For instance, in the droop mode (EMPF DP), the voltage at bus 30 in the meshed system is 0.41% higher than that in the radial system. This is because DER 25, once the switch 25-29 is closed, will help boost the voltages at neighboring buses including buses 26-33. • Under EMPF DP, however, the voltage at DER 13 in the meshed microgrid is lower than that in its radial counterpart because DER 13 has to supply heavy loads at buses 7 and 8 after the switches between 22-12 and 9-15 are closed. Please note that EMPF is different from the microgrid power flow approach in paper [1] which is based on the modified backward/forward sweep and thus limited to dealing with a radially structured microgrid. Our method, instead, is based on an augmented, plug-andplay Newton approach that can handle all possible microgrid configurations effectively. Even for the radial system analysis, our method has also shown some better performance. For instance, in VR mode, EMPF iterates only 16 times (ξ ∆f, ∆ρ = 10 −3 , ξ ∆V d = 10 −4 , ξ ∆V, ∆θ = 10 −5 ), whereas it takes the method in [1] 173 iterations ( 1 = 10 −3 , 2 = 10 −3 , 3 = 10 −4 ) to converge. Another desirable feature of EMPF is that there is no limit in selecting the sensitivity Z d as the value of Z d does not affect the convergence performance.
IV. CONCLUSION
EMPF is developed to accurately calculate power flow in microgrids equipped with hierarchical control. Test results exhibit that EMPF can be used for both radial and meshed microgrids. Excellent convergence performance of EMPF demonstrates its efficacy and scalability. EMPF can be implemented as an essential functionality in microgrid energy management systems and can also be used to provide accurate initial values for microgrid stability and security studies. Next, it will be generalized for power flow calculations in networked microgrids.
